& Whether the human brain is equipped with a special neural substrate for numbers, or rather with a common neural substrate for processing of several types of magnitudes, has been the topic of a long-standing debate. The present study addressed this question by using functional magnetic resonance imaging (fMRI) and event-related potentials (ERPs) together with the size-congruity paradigm, a Stroop-like task in which numerical values and physical sizes were varied independently. In the fMRI experiment, a region-of-interest analysis of the primary motor cortex revealed interference effects in the hemisphere ipsilateral to the response hand, indicating that the stimulus-stimulus conflict between numerical and physical magnitude is not completely resolved until response initiation.
INTRODUCTION
It is largely accepted that numerical magnitudes are processed in the intraparietal sulcus (IPS) in the human brain (see Dehaene, Piazza, Pinel, & Cohen, 2003 , for a meta-analysis). However, the assumption of a unique neural substrate reserved exclusively for numbers has been the topic of a long-standing debate (Cohen Kadosh & Henik, 2006a; Cohen Kadosh et al., 2005; Shuman & Kanwisher, 2004; Fias, Lammertyn, Reynvoet, Dupont, & Orban, 2003; Walsh, 2003; Simon, 1999; Spelke & Dehaene, 1999; Schwarz & Heinze, 1998) . Behavioral evidence of the size congruity effect (SCE) suggests that numerical and physical magnitudes interact at some level of processing. In the size congruity paradigm, participants have to compare either the numerical value or the physical size of two stimuli that differ in both dimensions, while ignoring the irrelevant dimension (Cohen Kadosh, Henik, & Rubinsten, 2007; Schwarz & Ischebeck, 2003; Tzelgov, Meyer, & Henik, 1992; Henik & Tzelgov, 1982) . The stimuli may be incongruent (the physically larger digit is numerically smaller, e.g., 2 4) or congruent (the physically larger digit is also numerically larger, e.g., 4 2), with incongruent pairs being slower to process (SCE).
At What Processing Stage is the Conflict Resolved?
According to the early interaction account ( Figure 1A ), the relevant and irrelevant dimensions are processed in parallel until the comparison stage, where the conflict occurs. That is, the incongruent information interferes with the comparison process. Once the conflict has been resolved, the appropriate response is selected and executed. In contrast, the late interaction account ( Figure 1B ) postulates that the interaction occurs at a later stage of processing, namely, during response initiation (e.g., response selection, motor preparation, or response execution). According to this account, the irrelevant and relevant dimensions are processed in parallel at the comparison stage, and the conflict arises only at one of the response stages (Schwarz & Heinze, 1998) .
Empirical Evidence for Shared Magnitude Representation in the IPS
Several neuroimaging and behavioral studies ascribed the interaction between the physical and the numerical dimensions to a shared representation of magnitude in the IPS (Cohen Kadosh & Henik, 2006a , 2006b Kaufmann et al., 2005; Pinel, Piazza, Le Bihan, & Dehaene, 2004; Schwarz & Heinze, 1998) . Specifically, functional magnetic resonance imaging (fMRI) studies showed that the SCE modulates IPS activation (i.e., the incongruent condition yielded greater activation than the congruent condition; Kaufmann et al., 2005; Pinel et al., 2004) . These studies seem to support the early interaction account. However, the overlap between brain networks, as identified by functional neuroimaging, should not be taken as direct evidence for a generic role of neurons in this brain area as subserving a common abstract representation of magnitude. This is because fMRI assesses activation in a given voxel that, in turn, reflects the activity of millions of neurons (Nieder, 2004) . Moreover, the higher IPS activation for the incongruent condition in previous studies (Kaufmann et al., 2005; Pinel et al., 2004) does not necessarily rule out the late interaction account. Such higher activity for the incongruent condition (which includes irrelevant conflicting information), in contrast to the congruent condition, might be explained by one or more of the Figure 1 . An anatomical illustration of early and late interactions. An anatomical illustration of the early (A) and late interaction (B) hypotheses during numerical comparison (where physical size has to be ignored). Numerical (red) and size (yellow) information are extracted in parallel by the occipital and occipito-temporal areas. (A) The comparison between the different stimuli is computed, and a common abstract representation for numerical value and physical size is produced in the IPS region (orange represents shared activation). The conflict between these dimensions occurs only at this stage (yellow-red arrow), and only later is the appropriate response selected, prepared, and executed in the motor cortex (orange). (B) The comparison of number (red) and physical size (yellow) is computed in parallel by separate neural substrates in the IPS. The two dimensions of the stimuli are processed up to the motor cortex, where response competition occurs (yellow-red arrow) and the overt response is produced according to the task requirements. (Connections between the two hemispheres are via callosal fibers). (top panel-medial view; bottom panel-lateral view) representations of the cortical sheet of a template brain. The orange color represents foci that showed significant activations for the main effect of size congruity. Activation was found over the bilateral posterior (Talairach coordinates, x, y, z: 25, À65, 38; À26, À55, 44) , and anterior IPS (38, À44, 45; À37, À37, 43), frontal eye field (FEF) (28, À12, 58; À26, À10, 57), anterior (À5, 5, 41) and posterior (2, À21, 29) cingulate cortex (ACC/PCC), middle frontal gyrus (MFG) (30, 40, 32; À28, 40, 32) , inferior frontal gyrus (IFG) (49, 5, 23; À47, 1, 28) , frontal operculum (FOP) (34, 13, 10; À35, 5, 10), occipito-temporal sulcus (OTS, shown only in the middle panel) (34, À49, À12; À38, À56, À10), and right presupplementary motor area (preSMA) (5, 7, 51) . CiS = cingulate sulcus, IPS = intraparietal sulcus, LS = lateral sulcus, SFS = superior frontal gyrus, RS = Rolandic sulcus.
following alternatives: higher response selection demand (Göbel, Johansen-Berg, Behrens, & Rushworth, 2004) , higher demand on top-down attentional processes (Bledowski et al., 2004) , or the necessity to suppress the task-irrelevant dimension (Wojciulik & Kanwisher, 1999) . Higher activation during incongruent than congruent conditions in imaging studies thus does not exclude the possibility that neurons in the IPS are activated solely by numerical information. Moreover, none of the previous neuroimaging studies that employed conflict tasks attempted to probe late interaction by an examination of motor cortex activation.
In contrast to fMRI, the event-related potential (ERP) technique offers a high temporal resolution that could be very helpful for investigating the exact time point of the conflict. By using this technique, Schwarz and Heinze (1998) showed that congruity conditions modulate changes in the morphology of the P300 component. The P300 is assumed to reflect top-down controlled stimulus categorization and evaluation (Kok, 2001) , and some of its putative generators are located in the parietal lobe (Bledowski et al., 2004 (Bledowski et al., , 2006 Linden, 2005) . These findings seem to support a common abstract representation of quantity and an early interaction account (Schwarz & Heinze, 1998) . However, there is a need to examine a possible late interaction between the numerical and physical dimensions directly. The lateralized readiness potential (LRP) (Gratton, Coles, Sirevaag, Eriksen, & Donchin, 1988 ) is a suitable tool to investigate conflicts at the response stage. It is obtained by subtracting ipsilateral activity (nonresponse hand) from contralateral activity (response hand) (for a more detailed description, see the Methods section). According to the late interaction account, processing of the relevant and irrelevant dimensions will lead to concurrent activation of both motor cortices in incongruent conditions. Hence, the LRP of the incongruent condition will be different (that is, less negative) than that of the congruent condition. Schwarz and Heinze computed the LRP but did not find differences that support the late interaction account.
The Current Study
In order to test both the early and late interaction hypotheses, we used fMRI (Experiment 1) and ERP (Experiment 2). In Experiment 1, we examined the blood oxygenation level-dependent (BOLD) signal in the motor cortex, ipsilateral to the hand that was used for the actual response. This measurement has been termed lateralized BOLD response (LBR) (Dehaene et al., 1998) , and is equivalent to the LRP (with ERP). Under the assumption of an early interaction, both dimensions will converge at the comparison stage, and higher activation for the incongruent relative to the congruent condition should be observed in the parietal lobe, but not in the motor cortex. Conversely, the late interaction model would predict higher motor activity for the incongruent versus congruent conditions because the different dimensions are processed in parallel up to the response initiation. The neural interference effect would mainly be expected in the hemisphere ipsilateral to the response hand, indicating that the irrelevant dimension succeeded in activating the corresponding motor system.
In Experiment 2, we further examined the possible coexistence of both shared and distinct comparison mechanisms by using ERP, motivated by the partly conflicting findings in the previous literature. One way to examine such bipartite comparison systems is to manipulate the cognitive load of a task (Lavie, 2005; Lavie, Hirst, de Fockert, & Viding, 2004; Lavie & Tsal, 1994) . We hypothesized that increasing cognitive load (utilizing the distance effect) would lead to a shift from separate processing of physical and numerical magnitudes to reliance on overlapping resources. The conflict should then be resolved at the response stage under low cognitive load and at earlier stages under high cognitive load, as evidenced by LRP effects for low but not high cognitive load.
fMRI EXPERIMENT Results

Behavioral Results
For every participant in each condition, the mean reaction time (RT) was calculated for correct trials only. These means were subjected to a two-way analysis of variance (ANOVA), with comparison and congruency as within-subject factors. RT and error rates confirmed that interference (i.e., incongruent vs. neutral and congruent), as indicated by a main effect for size congruity [F(2, 26) (2.7, 0.18, and 0.18, respectively) , and thus, excluded any RT-accuracy tradeoff.
fMRI Results
The behavioral interference resulted in higher activation in lateral prefrontal (middle frontal gyrus) and premotor (along the precentral sulcus, reaching into the inferior frontal gyrus) regions bilaterally and the medial prefrontal cortex. Most of these areas have also been reported in previous studies that utilized conflict situations (Kerns et al., 2004; Weissman, Warner, & Woldorff, 2004; Stephan et al., 2003; Bush, Luu, & Posner, 2000) . In addition, interference correlated with higher activity in the IPS and occipito-temporal regions as in previous studies of the SCE (Kaufmann et al., 2005; Pinel et al., 2004) (Figure 2 ). In addition, the left frontal operculum showed a significant interaction between congruity and task (no congruity effect for the size comparison). No brain area showed the opposite pattern (higher activation for congruent or neutral vs. incongruent trials) in either comparison.
Most crucially, in the motor cortex (M1) region-ofinterest (ROI) analysis, we found main effects for congruity and for response hand [F(2, 26) = 7.09, p < .005, and F(1, 13) = 51.44, p < .001, respectively]. Moreover, the two-way interaction between congruity and response hand was significant [F(2, 26) = 6.73, p < .005; Figure 3 ]. There were no further main effects or interactions. Additional analyses of the two-way interaction were conducted separately for M1 ipsilateral and contralateral to the response hand. Activation in the primary motor cortex (M1) ipsilateral to the response hand showed an SCE in the absence of an overt response with the corresponding hand [F(2, 26) = 10.26, p < .001], indicating that the irrelevant dimension was processed up to the motor level ( Figure 3 ). Additional analyses revealed a significant difference for the incongruent versus the neutral and congruent conditions [F(1, 13) = 11.80, p < .005]. However, M1 did not show a congruity effect for the contralateral hand [F(2, 26) = 2.37, p > .1]. In order to exclude alternative explanations, we reanalyzed a dataset of tasks that involved easy versus difficult levels of comparative judgments published elsewhere (Cohen Kadosh et al., 2005) . There was no effect for the ipsilateral hand as a function of speed of processing [Fs < 1] even at a very liberal level of statistical threshold ( p < .05, uncorrected, fixed effect). Notably, in the current paradigm, this exclusively ipsilateral effect was not observed in any other interferencesensitive brain area. In addition, neither higher-order interactions nor the interaction between task, congruency, and response hand [F < 1, p > .4] was significant.
Discussion
fMRI activation both in the IPS and the primary motor cortex was modulated by the SCE. An ROI analysis of motor cortex activity revealed aberrant activation of the ipsilateral (to the response hand) motor cortex in the incongruent condition. This ipsilateral motor cortex activation indicates that the irrelevant dimension was processed up to the response selection stage. This M1 conditions. Similar to the LRP (see Figure 7) , the reduction in the percent signal change for the conflict condition is due to an additional activation for the ipsilateral hand. Error bars depict 1 SEM.
activation is hardly compatible with the idea that the human brain represents numbers, physical size, and other magnitudes in a single shared representation that involves the IPS (Cohen Kadosh & Henik, 2006a , 2006b Cohen Kadosh et al., 2005; Kaufmann et al., 2005; Fias et al., 2003; Schwarz & Ischebeck, 2003; Walsh, 2003) . However, the IPS modulation by the SCE contradicts the assumption that numerical and physical magnitudes have specialized representations in the parietal lobes (Spelke & Dehaene, 1999 ) that can interact only at a later postcomparison stage in motor areas.
Hence, it is possible that both distinct and shared comparison systems exist. Such a bipartite comparison system assumption is in agreement with recent ideas about functional degeneracy in the human brain (Price & Friston, 2002) . Furthermore, it might help to explain why brain injury rarely produces a total inability to compare numbers.
One way to examine the possibility of distinct versus shared comparison systems is to manipulate the cognitive load of a task (Lavie, 2005; Lavie et al., 2004; Lavie & Tsal, 1994) . According to the load theory, both dimensions of a task can be processed in an automaticmandatory fashion, up to later stages of processing, as long as the cognitive capacity limit is not exceeded. This strategy of utilizing the effect of cognitive load to identify the stage of interference was mainly designed for perceptual tasks. However, it can also be extended to more cognitive or abstract tasks such as the current paradigm. In the case of the size congruity paradigm, it can be assumed that both dimensions can be processed until the response selection stage as long as capacity suffices for processing of both dimensions. If the capacity limit is exceeded, conflicts between magnitudes will be processed at the comparison stage and only one dimension will be processed throughout the (later) stage of response initiation.
The Numerical Distance Effect as an Operationalization of Cognitive Load
In the size congruity paradigm, cognitive load can be modulated by manipulating the numerical distance between the compared numbers. The numerical distance effect (Moyer & Landauer, 1967 ) is indicated by an inverse relationship between numerical distance and responding time. For example, participants are faster to decide which digit is larger when comparing 2 and 8 than 2 and 4. It has been suggested that digits that are closer in their numerical values have similar representations that overlap and, as a result, the comparison becomes more difficult. In the case of a large distance between two digits, representations are farther apart, thus allowing for faster comparison (Dehaene, 2003) . Therefore, instead of manipulating the cognitive load in a perceptual task (Lavie, 2005; Lavie et al., 2004; Lavie & Tsal, 1994) , in the present study, the cognitive load is manipulated at the representational level. As in Experiment 1, previous studies that investigated the SCE did not examine the effect of load on the SCE (Pinel et al., 2004) . Others did not differentiate between high and low load (Kaufmann et al., 2005) , or examined only the effect of high load (i.e., 1 and 2 numerical distances) on the SCE, which might lead to spurious support for the early interaction account (Schwarz & Heinze, 1998) . Moreover, because numbers are processed in an automatic way (Schwarz & Ischebeck, 2003; Dehaene & Akhavein, 1995; Tzelgov et al., 1992; Henik & Tzelgov, 1982) , it would be beneficial to investigate the effect of load when it is task relevant (i.e., numerical distance in the numerical task), and when it is task irrelevant (i.e., numerical distance in the physical task).
ERP EXPERIMENT
In the current study, we investigated the SCE and its modulation in the ERP by using low load (a large numerical distance) and high load (a small numerical distance). In contrast to previous imaging studies that focused on the load effect of the relevant dimension (Schwartz et al., 2005; Rees, Frith, & Lavie, 1997) , we manipulated the load in the irrelevant dimension also.
Previous studies demonstrated that cognitive load can affect the processing stage (e.g., for a review, see Lavie, 2005) . We hypothesized that manipulating cognitive load, in the current task, might affect the capacity of the strictly number-specific parts of the parietal cortex, and in the case of a high cognitive load, recruit areas that are also required for physical size comparison. Hence, load would affect the stages where an interaction between the irrelevant and relevant dimensions occurred. Moreover, we expected that changes in P300 and LRP morphology would help to pinpoint the stages of interaction between the dimensions of magnitude. The results from ERP would allow us to examine the observed effect in the fMRI with an improved temporal resolution.
Results
Behavioral Results
For every participant in each condition, mean RT was calculated for correct trials only. All RTs were between 200 and 1000 msec, hence, outlier cutoffs were not used. These means were subjected to a three-way ANOVA, with comparison, congruity, and cognitive load as withinsubject factors.
All main effects were significant. In addition, two twoway interactions were significant: comparison and cognitive load [F(1, 13) = 83.56, p < .001], and comparison and congruity [F(2, 26) = 15.22, p < .001]. The threeway interaction between comparison, cognitive load, and congruity was also significant [F(2, 26) = 32.57, p < .001]. The three-way interaction is presented in Figure 4 . In order to disentangle the source of the threeway interaction, we conducted simple effects analyses for numerical and physical comparisons separately.
Numerical comparison. The simple interaction between congruity and cognitive load was significant [F(2, 26) = 15.88, p < .001], and further analyses revealed an increase in the congruity effect (i.e., RT difference between incongruent and congruent conditions) as the cognitive load increased [F(1, 13) = 23.03, p < .001], from 69 msec for low cognitive load to 107 msec for high cognitive load.
Physical comparison. The simple interaction between congruity and cognitive load was significant [F(2, 26) = 17.06, p < .001], and further analyses showed a decrease in the congruity effect as the cognitive load increased [F(1, 13) = 20.34, p < .001], from 68 msec for low cognitive load to 38 msec for high cognitive load.
Error rates. The three-way interaction between comparison, cognitive load, and congruity was significant [F(2, 26) = 14.83, p < .001]. The pattern of results was similar to that produced in the RT analysis. Thus, no time-accuracy tradeoff was found.
ERP Results P300 amplitude. Visual inspection of the P300 activity on the scalp found the commonly reported centroparietal distribution (Rugg & Coles, 1996) . Statistical analysis focused on the Pz electrode. All main effects for P300 amplitude were significant: comparison effect [F(1, 13) = 6.49, p < .005], cognitive load [F(1, 13) = 5.72, p < .05], and congruity [F(2, 26) = 18.67, p < .001]. In addition, the interaction between comparison and cognitive load [F(1, 13) = 15.72, p < .005] and the threeway interaction between comparison, cognitive load, and congruity [F(2, 26) = 4.45, p < .05] were significant. It seems that the three-way interaction (Figures 5 and 6 ) mirrored the behavioral results. This visual inspection was further validated by a significant negative correlation between the P300 amplitude and RT [r(12) = À.94, p < .001]. As in the behavioral data, to further our understanding regarding the source of the three-way interaction, we conducted simple effects analyses for numerical and physical comparisons separately.
Numerical comparison. Only the simple main effects for cognitive load and congruity were significant [F(1, 13) = 19.61, p < .001 and F(2, 26) = 11.82, p < .001, respectively], whereas the simple interaction between congruity and cognitive load was not significant [F(2, 26) = 2.07, p = .14].
For cognitive load, we found a decrease in the P300 amplitudes as cognitive load increased (from 4.95 to 5.91 AV). The congruity effect was characterized by decreased P300 amplitudes in the incongruent condition (4.47 AV) in comparison to the neutral and congruent conditions (5.72 and 6.11 AV, respectively) [F(1, 13) = 15.80, p < .001] ( Figure 5 ).
Physical comparison. Only the simple main effect for congruity was significant [F(2, 26) = 7.43, p < .005], whereas the simple main effect for cognitive load and the simple interaction between congruity and cognitive load were not significant [F < 1, and F(2, 26) = 2.21, p = .13, respectively].
As in the numerical comparison task, the congruity effect was characterized by decreased P300 amplitudes in the incongruent condition (5.43 AV) in comparison to the neutral and congruent conditions (6.27 and 6.92 AV, respectively) [F(1, 13) = 11.94, p < .005] (Figure 6 ). LRP results. No significant differences were found between neutral and congruent conditions, as well as no interaction with any other factors. These findings gave statistical support for the assumptions made above (see Methods).
The only significant main effect was congruity [F(1, 13) = 5.28, p < .05]. In addition, only the interaction between cognitive load and congruity was marginally significant [F(1, 13) = 3.46, p = .08], and the other interactions were not significant ( ps > .18). The interaction between cognitive load and congruity is presented in Figure 7 . Because the effect of cognitive load was of major interest in this research, we further analyzed the data of the congruity condition for the two cognitive loads separately.
High cognitive load. Neither simple main effects nor simple interaction was significant [all F < 1].
Low cognitive load. The simple main effect of comparison was not significant [F(1, 13) = 1.94, ns]. In contrast, the simple main effect of congruity was significant [F(1, 13) = 12.01, p < .005], with the incongruent condition being more positive (0.3 AV) than the congruent and neutral conditions (À0.42 AV). The simple interaction between congruity and comparison was not significant [F(1, 13) = 1.43, ns].
Discussion
The current results shed new light on the two questions posed above. When is the conflict between the two interacting dimensions resolved? Are numbers processed by a distinct neural number system or a general magnitude system? Because the current task pits one magnitude dimension against the other, we expected that by resolving one question, we would answer the other as well.
At the behavioral level, we replicated the SCE for both numerical and physical comparisons. The size congruity was modulated by the cognitive load. However, the pattern of this interaction was different for the numerical and physical tasks. Namely, for the numerical task, the SCE increased as the (relevant) cognitive load increased. In contrast, in the physical task, the SCE decreased as the (irrelevant) cognitive load increased.
In the electrophysiological data, we observed a modulation of the P300 by the SCE, with reduced P300 amplitude for the incongruent condition. Interestingly, the P300 amplitude mirrored the behavioral results as indicated by a highly significant correlation between these two measures. Finally and most importantly, a clear LRP effect (i.e., an initial dip), indicating significant activation for the irrelevant information (incongruent vs. neutral and congruent conditions), was only obtained for the low cognitive load condition. These findings indicate that both dimensions are processed in parallel up to the response selection stage in the low, but not in the high, cognitive load condition.
GENERAL DISCUSSION
Earlier studies from our and other groups gave support for an early resolution of conflict at the comparison stage (Cohen Kadosh & Henik, 2006a; Kaufmann et al., Figure 5 . Grand-averaged P300 waveforms recorded at electrode 68 for congruent, incongruent, and neutral trials at numerical comparison under high (A) and low (B) load.
2005; Pinel et al., 2004; Schwarz & Heinze, 1998) . These results fit the suggestion of a shared comparison mechanism. However, our fMRI results (Experiment 1) support the notion of late resolution of conflict, which can fit with the suggestion that numbers are processed by a specific mechanism. Our ERP study (Experiment 2) manipulated physical sizes and numerical values independently as in previous studies. However, in order to disentangle the apparent contradiction between Experiment 1 and previous studies, and to investigate the possible coexistence of distinct and shared mechanisms, we also examined the effect of cognitive load on conflict resolution.
The current study shows that the locus of conflict resolution in the size congruity paradigm is not fixed, but can occur at both early and later stages of task processing, depending on specific experimental conditions. When the processing of both the relevant and irrelevant dimension is relatively easy (i.e., low cognitive load condition), both numerical value and physical size are processed in parallel up to the motor cortex. This observation does not necessarily indicate that the conflict is resolved at later motor-related stages. It does show, however, that the conflict between numerical size and physical value is not resolved by the time that the motor system is activated. This finding supports the hypothesis that the human brain has a specialized neuronal substrate for numerical processing (Spelke & Dehaene, 1999) . However, when the processing of the relevant and irrelevant dimensions is relatively difficult, the conflict between numerical value and physical size seems to be resolved already at the comparison stage. Such a bipartite comparison system of specialized and distinct comparison mechanisms is in agreement with recent ideas about functional degeneracy in the human brain (Price & Friston, 2002) , and it might help to explain why brain injury rarely produces a total inability to compare numbers.
What do these findings tell us about the specialization for numbers? The evidence from the low load condition Figure 6 . Grand-averaged P300 waveforms recorded at electrode 68 for congruent, incongruent, and neutral trials at physical comparison under high (A) and low (B) load.
is equivocal. The reduction of the P300 in the incongruent condition (see Figures 5 and 6 ) suggests that some interaction occurs at this ''early'' level (starting 300 msec poststimulus). Yet, the conflict is not fully resolved at this stage, as indicated by the LRP and LBR effects. In the high load condition, however, this trace of processing of the irrelevant dimension by the motor system is missing (see Figure 7) . This supports the assumption of a common representation for numbers and physical size that is subserved by a shared neuronal locus, probably in the IPS (Cohen Kadosh & Henik, 2006a , 2006b Kaufmann et al., 2005; Pinel et al., 2004; Fias et al., 2003; Walsh, 2003; Schwarz & Heinze, 1998) . Why is this common representation only evident in the high load condition? Functional imaging showed that numerical comparison for small distances (the high load condition of the present study) recruits a larger part of the parietal cortex than for large distances (Cohen Kadosh et al., 2005) . In the current experiment, the high load condition might have exceeded the capacity of the strictly number-specific parts of the parietal cortex and recruited areas that are also required for physical size comparison (see Berger, Henik, & Rafal, 2005 , for a similar idea in the field of spatial attention).
Parallel and Interacting Streams of Processing
The congruity effect found for both P300 and LRP in the low cognitive load condition suggests that the SCE manifests itself by a continuous flow of information processing, similar to other interference tasks (Gratton et al., 1988; Coles, Gratton, Bashore, Eriksen, & Donchin, 1985) . Hence, the conflict arises due to competition of parallel and interacting streams along the entire processing pathway, with its resolution occurring through interactions at both comparison and response-related stages. Note, however, that such an interpretation stands in contrast to the evidence for an additive, serial processing of numerical comparison from ERP, fMRI, and behavioral studies (Pinel, Dehaene, Rivière, & LeBihan, 2001; Schwarz & Ischebeck, 2000; Dehaene, 1996) . It might be the case that the current conflict task is more sensitive to detect such deviation from additivity than one-dimensional comparison tasks. In any case, the Figure 7 . Grand-averaged response-locked LRP for conflict (i.e., incongruent) and no-conflict (i.e., congruent and neutral) conditions under high (A) and low (B) load. Solid lines indicate conflict; dotted lines indicate no-conflict conditions. The black frame rectangle indicates the time window under which the interaction between load and congruity was computed.
assumption of a continuous flow of information would not weaken our conclusion that both physical and numerical dimensions are processed, at least partly, by distinct comparison mechanisms in the low cognitive load condition.
The finding of congruity effects both for the P300 and the LRP in the low cognitive load condition supports this idea because it points to interactions both in areas for response selection (LRP) and stimulus evaluation (P300). In fact, the conflict might be resolved in the IPS due to backward projections from the motor cortex. In the case presented here, when both dimensions compete for different responses in the motor cortex, selection is remitted to the IPS. The IPS, in addition to its prominent role in magnitude processing, is also involved in response selection and selection of taskrelevant information (Brass & von Cramon, 2004; Göbel et al., 2004; Jiang & Kanwisher, 2003; Bunge, Hazeltine, Scanlon, Rosen, & Gabrieli, 2002) . These processing stages are particularly crucial in solving conflicts. Furthermore, the role of the IPS in the final stage of conflict resolution in the present study is supported by the significant correlation between the P300 morphology and the behavioral data, and the observed temporal overlap between P300 and RTs in the incongruent condition. The P300 component serves as an indication of stimulus evaluation (Kok, 2001) , and is partly generated in the IPS (Bledowski et al., 2004) . Consequently, the sustained P300 activity in the incongruent condition indicates that the evaluation process was not complete at the time of the LRP occurrence. Hence, our data support the assumption that interaction between motor and parietal areas mediated the computations necessary to resolve the conflict and make an unambiguous response to the relevant dimension.
The ERP results from Experiment 2 complement the fMRI results from Experiment 1. They indicate that the simultaneous SCE in the IPS and M1 might have been due to recurrent information processing between the P300 and the LRP. However, the ERP experiment solved the apparent contradiction between Experiment 1, which supports the notion of distinct mechanisms for numerical and physical processing, and previous experiments supporting a shared mechanism (Kaufmann et al., 2005; Pinel et al., 2004; Schwarz & Heinze, 1998) , by showing that both distinct and shared processing are possible, depending on the task demands.
Conclusions
We present a possible solution to the long-standing debate on number processing in the human brain (Cohen Kadosh & Henik, 2006a , 2006b Cohen Kadosh et al., 2005; Shuman & Kanwisher, 2004; Fias et al., 2003; Walsh, 2003; Simon, 1999; Spelke & Dehaene, 1999; Schwarz & Heinze, 1998) . Our results indicate that both shared and distinct processing models of magnitude are plausible and can be assessed with noninvasive neurophysiology and neuroimaging. However, which processing mechanism is employed depends on the task requirements and, more specifically, on the cognitive load. The specific task requirements further determine whether the resolution of conflicts between two dimensions will take place at an early or late processing stage. We show that in the case of low cognitive load, the conflict is processed up until the response selection stage. In the case of high cognitive load, however, the conflict between the relevant and irrelevant dimensions is resolved at an earlier stage, probably in the IPS.
METHODS Participants
Fourteen participants (5 men, 1 left-handed, mean age = 25.6 years, SD = 2.3 years) in the fMRI experiment, and 14 participants (7 men, mean age = 25.82, SD = 3.94, all right-handed) in the ERP experiment. Participants were recruited from an academic environment and gave written informed consent. The study was approved by the local ethics committee. None of the participants reported significant neurological or psychiatric disorders.
Stimuli
Stimuli consisted of two digits that appeared at the center of a screen. Numerical and size comparisons were performed in separate blocks. Three types of pairs were used: congruent, neutral, and incongruent. In a congruent pair, the numerically larger digit was also physically larger (e.g., 2 4). In a neutral pair, the digits differed only in the relevant dimension (e.g., 2 4 for numerical comparison, 2 2 for size comparison). In an incongruent pair, the numerically larger digit was physically smaller (e.g., 2 4). The digits 1 to 9 were used, excluding the digit 5.
Procedure
Participants were asked to decide which of two stimuli in a given display was numerically (numerical comparison) or physically (size comparison) larger. Each participant took part in two runs. Each run was composed of one block of numerical comparisons and one block of size comparisons. Participants were asked to respond as quickly as possible but to avoid errors and to attend only to the relevant dimension. They indicated their choices by pressing one of two keys corresponding to the side of the display with the selected digit (i.e., right hand for the right side, left hand for the left side). The order of the blocks was counterbalanced by an ABBA design. The stimuli were randomly sampled, and cor-rect responses were made equally often with the left and right hands.
Experiment 1: fMRI Experiment
We used Experimental Runtime System (Berisoft, Germany) running on a PC, as stimulus presentation software. The experiment was preceded by a training session, which allowed participants to complete as many trials as necessary to familiarize themselves with the task. During scanning, the computer display was projected onto a mirror mounted on the head coil. Participants' responses were registered by a fiber-optic response box (Current Designs, Philadelphia, USA).
Each trial began with an asterisk as a central fixation point, presented for 500 msec at the center of a computer screen. Five hundred milliseconds after the fixation point disappeared, a pair of digits appeared for 1 sec. The intertrial interval was 8 sec. The interblock interval was 24 sec.
Design
The variables manipulated were: comparison (numerical, size) and congruency (congruent, neutral, or congruent). Thus, we had a 2 Â 3 factorial design, with all variables manipulated within subjects.
fMRI Scanning and Analysis
Whole-brain fMRI data were acquired with a Siemens 1.5-T Magnetom Vision MRI scanner using a gradient-echo echo-planar imaging sequence (16 axial slices; repetition time/echo time = 2000/60 msec; flip angle = 908, field of view = 210 Â 210 mm, voxel size: 3.28 Â 3.28 Â 5 mm). Each run comprised the acquisition of 390 volumes and contained 72 trials (12 trials Â 2 tasks Â 3 congruency). Stimulus presentation was synchronized with the fMRI sequence at the beginning of each trial. Each scanning session included the acquisition of a high-resolution T1-weighted three-dimensional volume (voxel dimensions = 1 Â 1 Â 1 mm) for coregistration and anatomical localization of functional data. Data were preprocessed and analyzed using the BrainVoyager 4.9 software package. Statistical analysis was based on the cortex-based general linear model (GLM) of the experiment (Cohen Kadosh et al., 2005; Munk et al., 2002) . The first four volumes of each run were discarded to allow for T1 equilibration. 3-D motion correction and Talairach transformation (Talairach & Tournoux, 1988) were performed for the remaining set of functional data of each participant. The 3-D functional dataset was resampled to a voxel size of 3 Â 3 Â 3 mm, spatial smoothing with a Gaussian kernel (full width at half maximum = 8 mm), linear trend removal, temporal high-pass filtering (high pass: 0.00647 Hz), and autocorrelation removal. For the GLM, each of the six conditions of the experimental design (numerical comparison: congruent, incongruent, neutral; size comparison: congruent, incongruent, neutral) was defined as a predictor that assumed the value of 1 for the volume during which a pair of stimuli belonging to that condition was presented and the following volume, and 0 for all other volumes. Error trials were modeled separately. The remaining volumes served as baseline. The cortex-based GLM of the experiment, with predictors convolved with a hemodynamic response function (Boynton, Engel, Glover, & Heeger, 1996) , was computed from the 28 z-normalized volume time courses. The cortex-based GLM approach (Goebel & Singer, 1999) was developed for fMRI studies whose hypotheses only pertained to cortical areas. In these cases, data analysis can be confined to cortical voxels, avoiding unnecessarily strict Bonferroni correction. The cortex mask used here was derived from the cortex reconstruction of the Montreal Neurological Institute (MNI) template brain, transformed into Talairach space, and contained 23,848 voxels. A random effects analysis was employed. Effects are only shown if the associated p value yielded p 0 < .05 (corrected for multiple comparisons). For the significant voxels selected for both comparison tasks across congruity conditions, we performed a two-way ANOVA (Statistica 6.0) on the beta weights, with comparison (size and numerical) and congruency (congruent, neutral and incongruent) as factors. The voxels that showed a significant effect for the neutral conditions were deemed to be activated by a given dimension (i.e., physical size or numerical value) without the contamination of the irrelevant dimension. These voxels were also the basis for the selection of the motor cortex ROI.
Motor Cortex ROI
For the analysis of the irrelevant hand movement, we defined the motor cortex as an ROI according to the comparison between the right-and left-hand response in the neutral conditions (t test, fixed effects, p 0 < .05, right-hand center of mass 39, À25, 52, 8287 voxels, lefthand center of mass À37, À26, 52, 4859 voxels). We used the neutral conditions in order to keep the results of the ROI congruity contrasts orthogonal and not bias the ROI selection toward the incongruent condition. Individual movements activated similar M1 areas around the knob defining the hand region (Yousry et al., 1997 ) (see Figure 3) . We performed an ANOVA over the ROI time courses with the following parameters: hemisphere (right, left), comparison (numerical, size), congruency (congruent, neutral or incongruent), and response hand (response, nonresponse irrelevant). Thus, we had a 2 Â 2 Â 3 Â 2 factorial design, with all variables within subjects.
Similarly to the LRP (see below), the LBR can be obtained by subtracting ipsilateral activity (nonresponse hand) from contralateral activity (response hand) in the M1. LBR was calculated using the following equation:
If the irrelevant dimension is processed throughout response initiation, the LBR for the conflict condition (i.e., incongruent in the current study) will yield less activation than the no-conflict condition (i.e., neutral and congruent in the current study).
Experiment 2: ERP Experiment
In addition to the congruency conditions in the fMRI experiment, in this experiment, we comprised the digits that we used in the fMRI experiment into two numerical distances in order to manipulate the cognitive load: high cognitive load (numerical distance 1, digit pairs: 1-2, 3-4, 6-7, or 8-9), or low cognitive load (numerical distance 5, digit pairs: 1-6, 2-7, 3-8, or 4-9). Each number was presented an equal number of times in each load condition.
Procedure
Stimulus onset asynchrony (SOA) was 900 to 1100 msec, with an average of 1000 msec, and stimulus presentation time was 1,000 msec. The presentation of the experiment and the collection of the behavioral data were controlled by a personal computer using e-prime (Psychology Software Tools, Pittsburgh, USA).
Design
The variables manipulated were: comparison (numerical, size), congruity (incongruent, neutral or congruent), and cognitive load (low, high). Thus, we had a 2 Â 3 Â 2 factorial design, with all variables manipulated within subjects. The actual measurements were preceded by a short training session of 24 trials. An experimental block (numerical or size comparisons) consisted of 144 trials and lasted approximately 10 min. Each participant took part in four blocks. Thus, there were 48 trials for each condition. The order of the blocks was presented in an ABBA design for half of the participants and a BAAB design for the other half.
Electroencephalography Recording and Analysis
Electroencephalographic (EEG) data were gathered using a 128-Ag/AgCl electrode Geodesic Sensor Net (Electrical Geodesics, Oregon, USA) with 16-bit digitizing at 250 Hz. During recording, all channels were referenced to the Cz electrode and band-pass filtered 0.1 to 100 Hz. Throughout measurements, impedances were kept below 40 k. EEG data preprocessing and analysis were performed using the Netstation platform 4.1 (Electrical Geodesics). The EEG data analysis included only trials with correct responses. For the ERP analysis, raw data were digitally low-pass filtered at 40 Hz (passband gain: À0.1dB; stopband gain: À40.0 dB; rolloff: 2.0 Hz) and segmented into epochs from À200 msec prestimulus presentation until 800 msec after stimulus onset. Segments with activity exceeding ±70 AV in any channel were excluded from further analysis. Not more than 25% of trials were discarded due to artifacts (Picton et al., 2000) . Bad channels were replaced using spherical splines. Data were averaged and re-referenced to an average electrode. The averages were then baseline corrected, with the 100-msec prestimulus period serving as baseline. Further statistical analysis focused on the P300 component. The P300 was defined as the largest positive deflection within a predefined time window (300-500 msec poststimulus onset). Mean area amplitudes were calculated on individual averages at the Pz electrode (analogous to electrode 68 in the EGI system) and assessed with repeated measure ANOVA with the same factorial design as described above.
In contrast to the stimulus-locked ERP analysis, for the LRP analysis the trials were locked to the response. When investigating response-related processes, it has been shown to be more useful to look at the responselocked LRP rather than the stimulus-locked LRP, due to increased latency jitter in the latter (Gevers, Ratinckx, De Baene, & Fias, 2006; Keus, Jenks, & Schwarz, 2005; Masaki, Takasawa, & Yamazaki, 2000) . Hence, the differences between the congruency conditions will be more clearly visible under response-locked analysis. For the LRP analysis, raw data were digitally low-pass filtered at 8 Hz (passband gain: À0.1 dB; stopband gain À40.0 dB; rolloff: 2.0 Hz) and segmented for each hand separately into epochs starting À500 msec before the response, and lasting until 200 msec after the response. Segments were inspected for artifacts, and trials with activity exceeding ±70 AV in any channel were excluded from further analysis. Not more than 25% of trials were discarded due to artifacts. Data were averaged and baseline corrected, with the À500 to À450 msec interval before response serving as baseline. LRP grand averages were calculated using the following equation (Rugg & Coles, 1996) 
